Granulation is the process of forming large aggregates from fine particles using a high shear mixer.
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INTRODUCTION
Granulation is, by definition, the act of agglomerating particles together to form larger, semipermanent aggregates using a high shear mixer [1] . Some of the most important reasons for granulating powder-like material are eliminating dust handling hazards, increasing bulk density for storage, and creating non-segregating blends of different ingredients [2] . The process of granulation plays a major role in numerous industries such as fertilizers, pharmaceuticals, and fine chemicals. For instance, in the pharmaceutical industry, granulation is used to develop raw material with the required flow properties, compactness, and homogeneity [3] .
There are two types of granulation processes. Wet granulation is the process of mixing a dry powder with a binder whereas dry granulation is the use of pressure (slugging or roller compaction) to form nuclei [4] . This project will tackle the process of wet granulation through the introduction of a wet binder into a rotating dry powder bed. This process can be divided into three stages of rate processes: wetting and nucleation, consolidation and growth, and breakage and attrition [5] .
The first stage in the granulation process is wetting and nucleation; when the liquid binder is added to dry powder in order to form the nuclei of the granules. At this stage, a defining factor is the size of the binder droplet with respect to that of a unit particle. When the size of the droplet is larger than that of the particle, then a distribution of tiny granules called nuclei are formed. The binder is sprayed onto the powder bed where its drops coalesce and increase their effective size. By capillary action, the drops penetrate the powder bed and create wet clusters that break apart into granules of different sizes as a result of shear forces acting on the system. On the other hand, if the droplet size is less than the particle size, then the liquid is said to coat the particles [2] .
The second stage is consolidation and growth in the granulation process. It is considered as the period during which the nuclei grow; either by collision of two nuclei, mixing of the granule with dry powder, or collision of nuclei with the equipment used. Under stable conditions of granule viscosity, plasticity, and malleability, compressive and shear forces push particles close together. During this process, the initial nuclei tend to gain weight and grow. This process is dependent on the energy of collisions [6] . The third, and final stage in the granulation process is attrition and breakage which refers to the period when the granules lose some of their gained weight due to their collision, with either the walls of the vessel or other granules [7] .
Several parameters may affect the granulation process: (i) Binder introduction and content play a major role in granule growth kinetics; (ii) The way the binder is introduced changes the degree of wetting and the extent of spreading on the powder bed [8] ; (iii) In addition to that, the type of binder viscosity induces consolidation and affects particle growth. The binder plays a role in defining the maximum pore saturation within the nucleus [9] . Also, the initial size of the particle plays a role in the yield strength of the granule; as the size decreases, the strength increases.
Finally, equipment speed and type is a major factor in nucleation growth kinetics. Mixer rotational speed has been the focus of many studies about granulation processes [1, [10] [11] [12] [13] . It is a source of shear forces created within the studied system. This factor can lead to both growth and breakage of formed granules [14] .
Since there are several variables affecting granulation, the purpose of this project was to develop a mathematical relationship that correlates the different variables of a wet granulation process to the growth rate of a single nucleus. In order to eliminate the effect of breakage, a low shear mixing system without an impeller was used. Powder mixing was achieved by the rotating the mixing vessel. In this research, several parameters were changed in order to find the optimal conditions that enable proper granulation. Different powder materials, namely lactose, tea, sugar, limestone, and starch were used as starting materials. The parameters that were investigated are rotational speed (150rpm, 200rpm, 250rpm, 300rpm, 400rpm), initial mass of powder bed (25g, 30g, 35g, 40g), initial mass of granule (0.6g, 0.8g, 1.2g, 1.6g, 2g), and binder viscosity (water,
MODELLING
Here, it is proposed that once a nucleus is formed it grows through a layering mechanism by capturing the primary powder particles from the moving powder bed. The rate of mass transfer between the nuclei and the bed is a function of the amount of binder available on the surface, the rolling action of the nuclei on the bed (influenced by the process conditions i.e. speed of rotation of the vessel or impeller). Assuming that the conditions in the mixer prevail such that there is no breakage of the nuclei, each nucleus will achieve a maximum size which is influenced by the availability of binder for layering.
The hypothesis is that the rate of nuclei growth decreases as the amount of binder available for nuclei growth is depleted. It is assumed to be proportional to the difference between the current nuclei size M(t) and the maximum achievable nuclei is Mmax, hence one can write:
Re-arranging Eq.(1) gives:
Integrating LHS and RHS sides of equation (2) with respect to mass and time respectively gives:
Applying the boundary condition when t=0, M(t) = Mo (initial mass of the nuclei), allows the value of the constant of integration to be determined:
Re-arranging gives:
The mass of a nucleus at any given time can be obtained from re-arranging Eq. 6 to make M(t) subject of the formula:
Eq (7)
where max M and 0 M are the maximum mass the nucleus can reach and the initial mass of the nucleus respectively; k is the rate of nuclei growth in s -1 and t is time is seconds. The parameter is introduced into the equation to take cognisance of the fact that the nuclei will not experience perpetual growth. The growth rate constant is influenced by material variables such as binder and powder properties and process variables.
MATERIALS AND METHODS
Material and Equipment
The -Lactose monohydrate, and starch were supplied by Sigma-Aldrich, UK. Limestone powder was supplied was a gift from Kilwaughter Chemicals Ltd. UK. Teawaste powder was collected from cafeteria at Queen's University Belfast. Carboxymethyl cellulose was sourced from Acros Organics US.
The particle densities of the material were determined using helium pyconometery (AccPyc II 1340 Pyconometer, Micromeritics USA) and results are reported in table 1. It can be note that particle densities of starch and lactose were similar whilst limestone had the highest particle densities. Teawaste was the lightest material. The particle size distribution was determined using Microtrac S3500 Particle Sizer Laser diffraction system. The surface-volume diameters (d3-2) of the materials are summarised in Table 1 . As can be seen from the Table 1 limestone, starch and lactose had similar average particle sizes.
In order to make the nuclei visible in the powder bed, they were coloured by adding methylene blue to the binder. The methylene blue that was used was produced by Alfa Aesar. In addition to that, the binder used in the experiments was Carboxymethyl cellulose with an average M.W. of 700000 produced by Acros Organics. All experiments were performed in a bespoke granulator comprising of a EUROSTAR 60 control mixer produced by IKA Works and a cylindrical glass mixing vessel with an internal diameter of 100 mm. The schematic in Figure 1 shows the experimental set-up used in the experiments. 
Experimental Design
A number of studies in literature have used response surface method as a tool for correlating the process and formulation variables to the product attributes [11, 12, 16] . A similar approach was used in this study to explore the correlation between the nuclei growth rate and as mentioned before, the effect of several variables on the growth kinetics of the granulation process will be studied. A custom user-defined design scheme was used to investigate the influence of speed of mixer rotation, amount of powder in the powder bed, initial nucleus size, and binder viscosity will be varied according to Table 2 . This set of experiments was repeated for each type of powder under study. Therefore, the total number of experiments performed was 85.
The nuclei growth rate was correlated to the process and formulation variables using equation of the form:
where is the intercept term, is the coefficient of the interaction terms, is the residuals, is the response variable under investigation and is the dependent variable.
Experimental Procedure
Before beginning the experiments, water was added to a beaker and placed on a small magnetic stirrer. A bullet (mass 4g, 35 mm x 8 mm x 8 mm) was inserted into the solution and the shaker was turned on. CMC powder was added gradually to create 0.5g/L, 1g/L, 2g/L, 10g/L, and 20g/L solutions respectively. The mixtures obtained were placed in jars and labelled. For the desired solutions of water and methylene blue, water was added to a beaker followed by methylene blue powder. The solution was then mixed until it became homogeneous. At first, two methods for granulation were used. In both cases, the first step was to weight the required amount of powder, place it in the vessel and spread it evenly before mounting the vessel onto the mixer. Next, to form the paste for the initial nucleus, different weight to weight ratios of binder to powder were used depending on the powder type. After several trials, the optimum ratios were summarized in Table 3 . It is important to mention that in the case of sugar granulation, the sugar used to form the initial nucleus was powdered sugar. That is because it is very difficult to form a strong nucleus using granulated sugar. For the sugar bed, granulated sugar was used to perform the experiments. After the paste was formed, a nucleus was moulded such that its mass corresponded to the mass stated in Table  3 . From this point on, two methods were used to complete the experiments. The first method was to form only one initial nucleus, placing it on the powder bed, setting the rotational speed in the mixer, and starting the mixer. For all experiment (with the exception with effect of initial position) the starting position of the nuclei was 20 mm from the centre of the cylinder. The nucleus can rotate in the mixer for 36 seconds considering that the mixer needs about 6 seconds to reach the set speed. After the mixer stopped, the new nucleus was gently taken out and weighed. Then, it was placed back on the powder bed at the same starting position and allowed to rotate again. The process was repeated 14 times. For each condition of experiment listed in Table 2 , three replicate experiments were carried out. All results reported are based on the average of the replicates.
The second method was to form 9 initial nuclei and place them on the powder bed. One nucleus was extracted and weighed every 36 seconds. All the final nuclei were stored in plastic bags and labelled for further analysis. Figure 2 shows an example of the powder bed (lactose), the paste used to form the initial nucleus (lactose and water with methylene blue), and the initial nucleus. As will be explained later in the report, the position of the nucleus in the powder bed along with several other factors can play an important role in the granulation process. Using 9 different particles showed illogical variations in the growth kinetics. Therefore, only method one was considered for the analysis and discussion section of the report.
Data Fitting
After all the experiments were performed and the raw data was gathered, the variation in the mass of the granules for each experiment was plotted against time. This data was fitted using a MATLAB code and the rate of nucleus growth and its maximum attainable mass was calculated for further analysis using Eq. (8).
RESULTS AND DISCUSSION
Effect of speed of rotation on growth kinetics
The first set of experiments was designed to test the effect of the variation in the mixer's speed of rotation on the granulation process. The speed was varied from 150rpm, 200rpm, 250rpm, 300rpm, and 400rpm. The set was performed on all five powder types and the results seem to differ among them.
To be able to project the obtained results onto vessels of different diameters, the Froude number will substitute the speed of rotation in the preceding analysis as per the equation below:
Eq (9) Where, Rves is the vessel radius (m) and N is rotational speed of the vessel in revolution per minute (rpm) and g is acceleration due to gravity. Figure 3 shows the variation of the rate of nuclei growth with respect to the Froude number which will be used instead of speed of rotation for all five powder types. Considering that the vessel diameter is 100mm, the corresponding Fr numbers for the studied speeds are shown in Figure 3 . For this set of experiments, the initial nucleus mass was 0.6g placed in a 25g powder bed and granulated using water with methylene blue.
For Lactose granulation, the highest rate of nuclei growth was at Fr=0.63 and the lowest was at Fr=1.75. Observations show that when the mixer was set at low speeds, the nucleus was not moving in the powder bed. In the case of lactose, movement of the nucleus started at Fr=1.75. At low speeds, (Fr=0.63 and Fr=1.12), the centrifugal force for a nucleus of 0.6g was calculated to be less than 26.31mN. Accordingly, it was observed that this small force was not enough to make the nucleus move on the powder bed which in turn results in migration of the liquid binder from the centre of the nucleus to the surface of the nuclei. Upon reaching the surface of the nuclei the binder becomes available for interaction with fresh powder particles in the powder bed. Therefore, any increase in mass was due to the adhesion of lactose particles from the bed to the bottom of the stationary nucleus.
Disregarding the first two data points (Fr=0.63 and Fr=1.12), the remaining results show that as the speed of rotation increases from Fr=1.75 to Fr=4.47, the rate of nuclei growth almost doubles from 0.23s -1 to 0.52s -1 which can be attributed to increase in the collision frequency when rotational speed of the vessel is increased.
Similar results are shown in the case of tea granulation, the rate of nuclei growth increased from 0.32s -1 at Fr=1.75 to 1.18s -1 . Although the trend is similar, it is apparent that the rate of nuclei growth at Fr=4.47 is almost 13 times greater in the case of tea. The high growth rate of tea nuclei at both high and low Fr numbers may be attributed to higher binder content of the tea nuclei (see Table 2 ) compared to nuclei from other materials. Higher binder content would promote the capturing of more tea powder primary particles hence the observed high growth rate. If the availability of the binder was the only contributing factor towards the nuclei growth rate, one would expect lactose and starch to exhibit the same growth rate since they have similar liquid to solid ratios. However this was not the case lactose exhibited a growth rate which was almost 5 time higher than that of starch. This suggest that other factors such as interaction between the powder and binder, powder particle size could also be important factors influencing the growth rate. For instance solubility of the powder primary particle in the binder (water in this case) could also influence the bonding mechanism. Solubilisation of powder particle and subsequent formation of crystallisation bonds could in some sense promoted nuclei growth in the case of powders which are readily soluble in the binder (sugar, lactose)
Also, in the case of sugar granulation, the rate was highest at Fr=4.47 (3.24s -1 ). When put all together, it can be concluded that for tea, lactose, and sugar nuclei growth is faster at higher speeds of mixer rotation. Tea granulates the fastest followed by sugar then finally by lactose. Figure 4 shows a lactose nucleus after its mixing at Fr=0.63. It is evident from this figure that the nuclei is smooth and almost spherical suggesting that the growth mechanism could be growth by laying and consolidation. Figure 5 shows the difference between the maximum attainable mass of the nucleus and the initial mass of 0.6g for each powder type in a 25g powder bed granulated with water and methylene blue: When it comes to studying the maximum attainable mass of a nucleus, the results show that the different powder types not only reach different maxima but also reach their maximum at different rotational speeds. Figure 6 shows the variation of nuclei mass with respect to time at all the monitored speeds of rotation for lactose as a sample.
Lactose was the only powder to reach a maximum of 1.46g at Fr=1.75. Tea reached a lower maximum of 0.78g at Fr=2.52. Starch (1.70g), limestone (1.50g) and sugar (0.73g) all reached a maximum at Fr=4.47. A careful observation of the obtained results shows that for materials of high density (lactose, limestone, and starch), the increase in mass is higher than materials of lower density (sugar, tea). That is, the density of the powder might be the reason for the large variation in the final mass.
To further validate this hypothesis, research conducted by Zhang et al. showed that low density materials rotating in a cylindrical vessel are more prone to move towards the edges of the vessel [17] . The research examined the effect of particle density on its mobility within the vessel. Therefore, it is hypothesized that, since tea and sugar have a low density with respect to the other powders, their movement in the powder bed was easier. This, in turn, made it difficult for the nuclei to attain good coverage when rotating in the bed and resulted in a lower increase in mass. Please note that the continuous lines in the plot are plots of Eq. (7). All experimental data points were an average of 3 repetitions.
The difference in optimum speed can be attributed to several things. The degree of wetting of the initial nucleus, the voids within the nucleus, and the ability of the binder to move to the surface of the nucleus all play a role in the growth of the nuclei. To further validate the obtained results, a thorough scan of the obtained granules shows their cross-sectional areas. Figure 7 exemplifies a cross sectional area of a granule obtained at the set experimental conditions at a speed of rotation equivalent to 150 rpm (Fr=0.63). To better study the effect of the rotation speed on the granule's size and shape, the granule profiles are plotted and compared at different speeds. Figure 8 shows the results. The profiles depicted in Figure 8 are an effective way to monitor the effect of rotational speed on the surface roughness of the granule. Surface roughness, by definition, is a measurement that identifies the surface's "texture". Observing the figures, it is possible to qualitatively deduce that regardless of the mixer's rotational speed, the granule's surface is smooth. This is because there are no significant fluctuations present on the profile. The difference in the maximum height of the peaks is related to the differences in the sizes of nuclei which were randomly selected for the observation.
Effect of the initial mass of the powder bed on growth kinetics
The second set of experiments was designed to test the effect of the variation in the powder bed mass on the granulation process. The mass was varied from 25g, 30g, 35g, and 40g. The set was performed on all five powder types at Fr=1.75 with an initial nucleus mass of 0.6g using water and methylene blue. Typical results for growth curves for the starch powder are shown in Figure 9 . As regards the effect of powder bed mass on the rate of nuclei growth, experimental results show a difference between powder types. For lactose, sugar, and tea a similar trend is observed whereby rate of nuclei growth increases with the increase in the amount of powder in the container. The highest rate was achieved by sugar at 1.92s -1 followed by tea at 0.79s -1 and lactose at 0.42s -1 at 40g. In the case of limestone granulation, the optimum rate of nuclei growth was 0.49s -1 when the mass of the powder bed was 35g. As for starch granulation, the decrease in the amount of powder in the vessel seems to aid nuclei growth; the optimum rate of nuclei growth was 0.44s -1 at 25g of powder in the bed. The findings are summarized in Figure 10 . Figure 10 shows that, for sugar and tea, the change in powder bed mass did not affect nuclei growth as much. However, for lactose, limestone and starch, as the amount of powder initially present increased, the maximum attainable nucleus mass increased as well. The powder that is affected most is starch with the greatest increase in mass at 40g of powder in the bed.
As previously mentioned, the lower the density of the powder density the more the separation in the powdered bed and the less the ability of the nuclei to granulate homogeneously. Therefore, an explanation for these results may be the difference in density between the powders. Lactose, limestone, and starch have approximately the same density and were observed to follow similar trends with high mass increase. On the other hand, for tea and sugar, which have low densities, the effect of powder bed mass does not seem to be evident.
Effect of the initial mass of the nucleus on growth kinetics
For this experimental set, the only variable was the initial mass of the nucleus. The speed of rotation was held constant at Fr = 1.75, the powder bed mass was 30g, and the binder used was water with methylene blue as the dye. Figure 11 shows the variation of mass with time for limestone as a sample of powder type. The growth kinetics parameters obtained for fitting Eq. 7 to the experimental data is summarised in Figure 12 . The results do not show a specific trend in relation to the initial mass of the nucleus. The different powder types granulated at different rates. The maximum rate of nuclei growth for sugar (1.01s -1 ) and limestone (0.66s -1 ) was when the initial nucleus was 0.8g. For lactose (0.48s -1 ) and tea (1.67s -1 ), the maximum rate of nuclei growth was attained when the initial nucleus was 1.6g. Out of the five studied powders, starch was the slowest to granulate; maximum granulation (0.29s -1 ) was observed at the lowest initial nucleus size of 0.6g. The results for limestone and starch show a trend whereby the increase in initial nucleus mass resulted in a greater increase in final mass. For lactose, it was observed that nuclei growth peeked when the initial nucleus was 1.6g but a further increase in initial mass had a negative effect on the process. The increase in nucleus mass with respect to initial mass was not as significant for sugar and tea.
Effect of the binder viscosity on growth kinetics
For this set of experiments, the speed of rotation was held at 250rpm (Fr = 1.75), the initial nucleus mass was 0.6g, and the powder bed mass was 30g. The variable in this section was the binder's viscosity. In previous experiments, water with a viscosity of 1mPa.s was used as a binder. In this set, CMC was used at different concentrations to study the effect of binder viscosity on granulation. It is important to note that in some of the experiments performed, the initial thrust when the mixer was turned on caused the nucleus to move to the edge of the vessel and stick to the wall. This phenomenon prevented homogeneous granulation. The results shown in Figure 13 indicate that for low density powders, the rate of nuclei growth was highest at a high viscosity. When CMC concentration was 10g/l, the rate of tea and sugar granulation was at a maximum. Figure 13 (b) shows the effect of binder viscosity on the increase in mass of the nucleus. Starting off with the low-density powders, tea and sugar, the results show that the change in mass was insignificant. The maximum increase in mass for sugar was 0.18g when using water as the binder. However, the value of mass increase when using CMC was not much different. The increase ranged from 0.08g to 0.18g only. For tea, the range of mass increase was 0.1g to 0.13g which is considered as insignificant. When studying the effect of binder viscosity on the growth for powders of higher density, it was observed that change in nucleus mass was higher at low concentrations of CMC. For starch and lactose, the maximum mass increase was 0.8g and 0.96g respectively when only 0.5g/L of CMC was used. That is, as the binder viscosity increases, the granulation efficiency decreases. For limestone, on the other hand, maximum mass increase was 2.30g when the binder was 20g/L CMC.
Numerous research papers use granulation maps to relate nucleus properties to process variables [18, 19] . These papers have managed to distinguish between two nucleus growth regimes: steady and induction growth [20, 21] . A steady growth regime involves nuclei that are weak and deformable in a system with low viscosity binder liquids whereas induction growth involves strong and nondeformable granules in a highly viscous binder [20] .
The use of low viscosity binders leads to the deformation of granules during particle collisions and squeezes the liquid to the surface of the granule. This aids granulation and is a valid explanation for the results shown in the Figure 13 (b) where mass increase was highest at low viscosity CMC solutions for starch and lactose. At high viscosity, more time was needed for the binder to seep to the surface of the nucleus which in turn leads to less granulation [22] .
Correlations and optimum solutions
The results were analysed to determine the correlations that relate the four studied variables. Design-Expert Software was used to find the best fit for the experimental data gathered for each powder type. The software sowed that linear and quadratic relations with normalized values for better analysis. Tables 4 and 5 summarize the coefficients for the coded variables included in the correlations for the rate of nuclei growth as well as the maximum attainable mass of the nucleus. Note that, A represents the speed of rotation, B represents the mass of the powder bed, C is the mass of the initial nucleus, and D is the binder viscosity and in all cases normalised values were used i.e. each variable was normalized to give values ranging from -1 to +1, where -1 and +1 corresponds to the minimum and maximum values of the variable used in the experiment. Table 3 summarizes the coefficients for the four studied variables in a nuclei growth rate equation for each type of powder. A quadratic equation defines the rate equations for lactose, sugar, and tea. A quartic equation gave a better fit for limestone and starch.
The results show that the variable that affects the rate of nuclei growth most was binder viscosity. The highest coefficient for all powders, except tea, was for binder viscosity. The second variable was speed of rotation raised to the power two. The only case where initial nucleus mass was important was in the case of limestone but, when compared to the effect of binder viscosity, it can be considered as an insignificant factor. Typical surface plots (shown for sugar and lactose only) generated for equation (1) with the coefficients provided in Table 3 is shown in Figure 14 . It can be seen from Figure 14 that binder viscosity has the strongest influence on the growth rate of the nuclei. Plots were generated using Eq (8) and coefficient reported in Table 3 . Initial nuclei mass held constant at the minimum value 0.6g ( -1) and powder bed mass at 25g (-1). Table 4 summarizes the values of the variable coefficients that best fit an equation that calculates the maximum attainable nucleus mass. The results show that the factor that most affects the process differs for different powder being granulated. Sugar and tea, with a density of 705kg/m The goal behind this research paper was to find the conditions that maximize both rate of nuclei growth and the final granule mass. These correlations can help develop optimum solutions specific to each powder type as summarised in Table 6 .
To further validate the obtained results, a simple calculation of a Stokes deformation number was performed. This number is a ratio of kinetic energy applied to the system to the energy required to cause a deformation in the granule. Tardos et al. proposed that the Stokes deformation number can be calculated using the following equation [7] :  Eq (10) where the density of the nucleus is,  is the dynamic strength of the nucleus and U is the velocity of the nucleus.
The dynamic strength of the nucleus can be calculated from [5] :
where  is the binder viscosity, dp surface-volume diameter of primary particles making up the nuclei,  is the porosity of the nucleus and vp is the velocity at which the particles move during the deformation. This is assumed to be 10% of the linear rotation speed of the vessel.
The literature states that if the values of Stokes deformation number are above 1, then the granule is expected to break apart [23] . After performing all necessary calculations, it was evident that, at the optimum conditions, the Stokes deformation number is always much less than 1 for all the studies powder type studied. This means that no breakage of the final granules is expected to occur. A plot of the growth rate with respect to the deformation number is depicted in Figure 15 (a) .
Each value of growth rate shown in the figure is a representation of a powder type. It is observed that high growth rates are achieved at low deformation numbers and that in all the cases, no breakage will occur in the system. As can be seen in Figure 15 as the deformation numbers increase, there is a reduction in the growth rate of nuclei. Whilst high deformation number leads to slower growth of the nuclei, the final percentage gain in mass of the nuclei is higher at high deformation number (see Figure 15 (b)). 
Effect of particle position on the powder bed
While carrying out the experiments, it was noticed that the position of the initial granule in the powder bed played a role in the effectiveness of the granulation process. Therefore, an experiment was designed to test that hypothesis.
Five lactose granules with a mass of 0.6g were prepared. The diameter of the used vessel was 100mm and the mixer was set to rotate at 250 rpm for 30s. This experiment was performed for the other granules at 10mm, 20mm, 30mm, and 40mm from the centre of the vessel. Figure 16 shows the variation of the % gain in granule mass with respect to the position in the vessel, depicted as a ratio of the granule position to the diameter of the vessel (100 mm). As it is shown in Figure 16 , the final mass of the granule decreases as the granule moves closer to the edge of the vessel.
When the nucleus starting position is farther away from the centre of the powder bed, the initial thrust, due to vessel rotation, caused the nucleus to roll on the powder bed until it reached the edge of the container and stayed in place. As the nuclei was closer to the edge, less rolling action took place which, in turn, decreased the efficiency of granulation. Due to its fixed position, penetration was the main reason for the increase in granule mass. When the granule was taken out for measurement, it was observed that a clump of powder was stuck to the bottom.
CONCLUSION
This research paper studies the process of nucleation and how it is affected by four process variables: speed of mixer rotation, powder bed mass, mass of the initial granule and binder viscosity on the wet granulation of five different powders. The powders under study were: lactose, tea, sugar, starch, and limestone. After a thorough analysis of the experimental results, it was concluded for sugar, starch, and limestone powders the rate of nuclei growth was mainly affected by the viscosity of the binder whereas for tea powder rotational speed of the vessel had the biggest influence. The binder viscosity had little effect on the growth rate of tea nuclei. It can be concluded that the initial position of the nuclei on the bed also has an influence on the growth rate of the nuclei which can be attributed to change in the contribution of the rolling action to the growth mechanism; contribution of nuclei rolling is less pronounced the closer the nuclei is to the wall.
